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Abstract 
This study is about the performance assessment of steel moment resisting frame structures under near-
field strong ground motions. A number of 3 and 9-story, 3-D structural models being designed using the 
strength method, are considered. A set of 7 near-field earthquake records, scaled according to ASCE-
7(05), are considered for nonlinear dynamic time history analyses using OpenSees program. Park and 
Ang damage index is considered for quantitative measurement of the performance of structural models. 
Maximum values of inter-story drifts along with the local and global damage indices are determined to be 
used in the performance assessment process. Considering the average results of different scaled ground 
motions, it is observed that nearly all the structural models cross the limit of repairable damage for the 
10/50 hazard level with many of them close to collapse under MCE level ground motions.  
 
© 2011 Published by Elsevier Ltd. 
 
Keywords: Nonlinear Analysis; Near-Field; Damage Assessment; Performance Levels; Steel Moment Resisting Frame. 
1. INTRODUCTION 
Studying the effects of near-fault ground motions on the performance of structures has become a 
challenging task in the area of earthquake engineering. Highly destructive outcome of seismic events like 
Northridge 1994, Kobe 1995 and Taiwan 1999 on different structures located close to seismic sources 
have shown the importance of studying the characteristics of these ground motions including the 
directivity effects and the fling step phenomenon. Thus, more research is needed to improve the current 
design methods, especially from a performance based point of view for the structures situated close to 
faults. 
It is shown that the near field earthquake records can be considered as a background noise combined 
with a number of high-energy pulses which transfer a large amount of energy to the nearby structures in a 
relatively short period of time (Sing 1985). Also it is known that in most of the cases the fault-normal 
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component of these records is stronger than the fault-parallel one due to directivity effects (Somerville 
1998). These preliminary observations were the origin of      many attempts to discover the unique 
characteristics of near-fault ground motions. However, more studies are needed for a reliable design 
methodology of structures against this type of seismic events. Usually, the structures situated within 10-
15 kilometers from the seismic sources can be assumed to be in the danger of near-fault earthquakes 
(SEAOC blue book 1996). 
On the other hand, there are a number of drawbacks in traditional seismic design codes which cannot 
make reasonable predictions about the performance of structures during seismic events with different 
hazard levels like their weakness in calculating the approximate repair costs of damages. However, there 
have been some major improvements in the design strategies leading to the idea of performance based 
design in recent years (Bozorgnia and Bertero 2004). In the new system, the performance assessment of 
the structures consists of four different steps which includes hazard, structural, damage and loss analyses. 
This study is intended to evaluate the damage in steel MRFs subjected to near-fault earthquakes, 
considering the performance based design strategies. The objective is to assess the performance of 
different 3 and 9 story steel MRF structures in a quantitative manner by calculating the damage caused by 
the near-fault ground motions and the related repair cost.  
2. DAMAGE EVALUATION 
In the process of performance assessment, damage analysis is considered as one of the main stages 
leading to loss calculation which is the last step before making final decisions. Different kinds of damage 
models have been introduced by researchers in the last few decades. One of the earliest damage models 
was based on the accumulation of damage due to cyclic loading which is modeled by introducing the low-
cycle fatigue law (Krawinkler and Zohrei 1983). Another class of damage models is defined as the 
combination of dissipated energy and ductility demands. As an example, in Park-Ang damage model, the 
damage index is a linear summation of maximum deformation and dissipated strain energy (Park and Ang 
1985). In some cases damage indices are defined on the bases of changes that occur in some specific 
dynamic properties of structures like the model suggested by Ghobarah et al. in which the changes in the 
stiffness of system is used for damage calculations (Ghobarah et al. 1999).  
As a next step in the process of damage analysis, the obtained damage indices should be related to 
some predefined damage states leading to an approximate computation of economic losses imposed on 
the structures. This could simply be done by relating the Park-Ang indices to damage factors defined as 
the ratio of repair costs to the total replacement costs. Also, more complicated approach such as 
probabilistic loss functions could be used in which the designers could estimate the probable losses of 
different design choices by the help of numerous fragility curves. 
3.    SELECTION OF EARTHQUAKE RECORDS 
Having selected from the PEER database, the earthquake records used in this study are listed in Table 
1. These earthquake components are all recorded on soil type SD and cover a moment magnitude range 
from 5.42 to 7.01 for near-field and from 6.53 to 7.63 for far-field earthquakes. The ASCE7-(05) criteria 
is used to scale these records to the 10/50 hazard level. 
4.    STRUCTURAL DESIGN, MODELING AND ANALYSIS 
A number of 3 and 9-story 3D structural models were used in this study to evaluate the damage in steel 
MRFs subjected to near-fault earthquakes. In order to study the effects of change in stiffness and strength 
of structures, different models named 3a, 3b, 3c, 9a and 9b were designed on the basis of strength 
requirements. The fundamental period of vibration increases from the #a , to #c models while their base 
shear force coefficient (Ȗ=Vy/W) reduces accordingly. 
Fayaz R. Rofooei and Reza Imani / Procedia Engineering 14 (2011) 3111–3118 3113
Table 1- Basic properties of ground motions used in this study 
 Code Earthquake Year Station M R (km) 
UBC97 Site 
Classification 
Pulse period
(sec) 
N
ea
r-
Fi
el
d 
N1 Cape Mendocino 1992 Petrolia 7.0 8.18 D 0.72 
N2 Erzincan 1992 Erzincan 6.9 2.00 D 2.02 
N3 Imperial Valley 1979 Elcentro Array 6 6.5 1.35 D 3.42 
N4 Imperial Valley 1979 Elcentro Array 7 6.5 0.56 D 3.28 
N5 Livermore 1980 Livermore 5.4 3.60 D 0.34 
N6 Northridge 1994 New Hall 6.7 5.92 D 0.70 
N7 Northridge 1994 Rinaldi 6.7 6.50 D 1.10 
Fa
r-
Fi
el
d 
F1 Chi Chi, Taiwan 1999 HWA 7.6 55.59 D 
F2 Imperial Valley 1979 Delta 6.5 22.03 D 
F3 Imperial Valley 1940 Elcentro Array 9 6.5 12.00 D 
F4 Kocaeli, Turkey 1999 Atakoy 7.5 58.28 D 
F5 Loma Prieta 1989 Alameda 6.9 71.00 D 
F6 Loma Prieta 1989 Oakland 6.9 72.20 D 
F7 Loma Prieta 1989 SF Airport 6.9 58.65 D 
 
All of the models have the same plan as shown in Fig 1, and all the stories have the same height of     3 
meters. The structural members are designed to have stress ratios in the range from 0.7 to 1.1 under 
ASCE-7(05) design loads, so that the proportioning can be considered nearly optimized. Because the 
main goal of this study was to compare the damage caused by near-field earthquakes in different 
structural models, the drift limitation stated in ASCE-7(05) was ignored in the design process. Steel box 
sections were used in the design of columns while all the beams and girders are selected from standard W 
sections. Tables 2 and 3 show the properties of the 3 and 9-story structural models used in this study. 
The structural models were prepared in OpenSees 2.1.0 for nonlinear dynamic time-history analysis 
subjected to different bidirectional earthquake loadings. Hardening material type having a bilinear 
hysteretic behavior with strain hardening ratio of 3% was used for steel members. All the members were 
modeled as Nonlinear Beam-Column fiber elements with five integration points along each one. This type 
of element has the capability of considering distributed plasticity so that the initiation points of plastic 
behavior are not predetermined by the user and it can start in any of the fibers along the length of element 
at any time. The fiber sections can simultaneously take into account the effects of axial forces and 
bending moments but shear effects are ignored. Figure 2 shows a schematic view of a cantilever beam 
with fiber section. 
5.   DAMAGE ESTIMATION 
Park and Ang model was used to evaluate the damage caused in the structural models analyzed in this 
study. The Park-Ang damage index DPA for a structural member is given by: 
m
PA
u y u
D dE
Q
G E
G G
  ³
 
(1)
In which, įm  is the maximum deformation under earthquake, įu is the ultimate deformation under 
monotonic loading which is calculated by the experimental equation suggested by Park and Ang, ȕ is the 
Park-Ang Parameter (0.025 for steel members suggested by Park and Ang), Qy is the yield strength and E 
is the dissipated strain energy. 
In the tests performed by Park and Ang, į was supposed to be the free end displacement of a cantilever 
beam. Therefore, following the work of Rashidi (2000), Eq.1 is modified to be used for the steel moment 
frames. According to Fig. 3, įm can be related to curvature by: 
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Where, ĳm is the maximum curvature of the member, ĳy is the yield curvature, Lis the length of element, 
and LP is the length of plastic hinge. The yield curvature can be determined from Eq. 3 by slightly 
ignoring the effects of axial forces which are applied simultaneously with bending moments. 
2 y
y h
H
M  
 
(3)
Table 2 – Structural properties of 3-story models     
Structural Model 3a 3b 3c 
Modal Periods (sec) 
T1 0.62 0.67 0.88 
T2 0.50 0.54 0.64 
T3 0.44 0.49 0.58 
R Factor 3.5 4.5 8 
Table 3 - Structural properties of 9-story models 
Structural Model 9a 9b 
Modal Periods (sec) 
T1 1.41 1.63 
T2 1.31 1.54 
T3 1.13 1.32 
T4 0.55 0.63 
T5 0.52 0.59 
T6 0.45 0.51 
T7 0.32 0.36 
T8 0.3 0.33 
T9 0.26 0.29 
R Factor 4.5 8 
 
Figure 1- Typical Plan of Stories 
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Figure 2 - Cantilever beam with fiber sectio 
In which İy is the yield strain of section and (h) is the height of the section. 
 
Figure 3 - Curvature distribution for a cantilever beam (Rashidi 2000) 
Assuming Mp, My, I, Z as the plastic moment, yield moments, the moment of inertia and the plastic 
modulus respectively, and ıy as the yield stress of the section, for the P to be the ultimate force applied to 
the free end of cantilever beam, one should have: 
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Rearranging Eq. 4, Lp is given by: 
21p
I
L L
Zh
§ · ¨ ¸© ¹  
(5)
Considering that for the sections defined in this study, the value of Z/Ih is approximately 0.4, we have: 
0.2pL L|  (6)
Simplifying Eq.2 by using Eq.5, įm is found to be: 
 2 0.180 0.153m m yLG M M   (7)
Now by substituting My/L for Qy and combining the Eq.1 with Eq.7, Park-Ang damage index can be 
determined from the following relation: 
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The last step is the computation of cumulative plastic strain energy for the members. Since, it cannot be 
recorded directly by OpenSees during the analysis; stress-strain data recorded for the fibers of different 
sections along the length of each element were used for energy calculations. Thus, after computing the 
dissipated energy in different fibers of any section, the total dissipated energy in the members are 
computed by numerical integrations within the area of the section and along the length of the individual 
elements using Gauss-Lobatto method.  
A supplementary program was prepared to get the OpenSees outputs to calculate the damage indices (DIs) 
for all the structural elements. Finally the global DIs for different stories and/or the whole structure were 
calculated from (Park And Ang 1985): 
T i iDI DIO ¦  (9)
i i iE EO  ¦  (10)
Where Ei is the dissipated energy for the i-th member or at the i-th story. 
6.  RESULTS 
Having computed the Park-Ang damage indices at both local and global levels for all of the structural 
models subjected to two groups of near-field and far-field ground motions, the results were used to 
identify different damage states for models and their related performance levels. This was done by using 
the classification provided in Table 4. The referred damage states are adopted from Park and Ang’s work 
and the damage factors determining the ratio of damage repair costs to total replacement costs are 
addressed from ATC-13. Also, Table 5 shows the maximum inter-story drifts in principal axes of steel 
MRFs suggested by ASCE-41(06) for different performance levels. 
The final damage data along with the maximum inter-story drifts were used to determine the performance 
levels of structures. Based on the maximum inter-story drifts, as Table 6 shows, all the structural models 
under both near-field and far-field earthquakes have experienced the collapse prevention performance 
level. 
As it was mentioned before, ignoring the drift limitations in design of different structural models has 
caused all the models to reach the collapse prevention performance level by producing unrealistically 
large drift values. Whereas the difference between the effects of near-field and far-field ground motions is 
not clear from the performance levels, but as the Park-Ang damage indices indicate (Table 6), the severity 
of damage caused in the structural models is clearly higher when they are subjected to near-field 
earthquakes.        
Table 4 - Damage states defined on the basis of Park-Ang damage indices (Park and Ang 1987, ATC-13) 
DPA Damage State Comments Damage Factor Range (%) 
0 None - 0 
0.0…0.2 Minor Repairable 0..10 
0.2…0.4 Moderate 10..30 
0.4…1.0 Severe Almost Unrepairable (repair costs are very high) 30..100 
>1.0 Collapse Total Loss of Building 100 
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Table 5 - Typical values of maximum inter-story drifts for steel moment resisting structures at different performance levels (ASCE-
41(06)) 
Performance Level Max. Inter-story Drift 
Immediate Occupancy 0.007 
Life Safety 0.025 
Collapse Prevention 0.050 
Table 6 - Performance assessment and damage evaluation results (Average of 7 pairs of records) 
 Maximum Interstory Drifts Global Park-Ang Damage Indices 
Model X-Dir. Y-Dir. Max Performance Level D.I. Damage State Damage Factor (%) 
Near-Field 3a 0.027 0.013 0.027 C.P. 0.43 Severe 30..100 
 3b 0.032 0.016 0.032 C.P. 0.49 Severe 30..100 
 3c 0.049 0.029 0.049 C.P. 0.58 Severe 30..100 
 9a 0.036 0.027 0.036 C.P. 0.36 Moderate 10..30 
 9b 0.049 0.036 0.049 C.P. 0.54 Severe 30..100 
Far-Field 9a 0.027 0.025 0.027 C.P. 0.24 Moderate 10..30 
 9b 0.036 0.027 0.036 C.P. 0.37 Moderate 10..30 
7.  CONCLUSIONS 
A number of 3 and 9-story steel MRF structures subjected to two groups of near-field and far-field 
strong ground motions were analyzed for damage evaluation. The structural models are designed using 
the ASCE7-(05) code without considering the drift limitations. The performance levels of structures were 
determined on the basis of ASCE-41(06) guidelines regarding the maximum values of inter-story drifts at 
different performance levels. As it is shown in Tables 6, nearly all of the structural models have 
experienced the collapse prevention level, crossing the limit for life safety zone, although in some cases 
the maximum drift was very close to the life safety limit. Using the average results of the global Park-Ang 
damage indices, the approximate repair costs of the structures were estimated. According to the Tables 6 
all of the models under the near-field excitations have experienced severe damage. In case of far-field 
ground motions, the 9a structural model has experienced a moderate level of damage. The difference 
becomes more evident when the approximate values of damage factors determined through linear 
interpolations between the ranges of different damage states are considered. In the case of 9a model the 
average damage factor decreased from nearly above 50% for the near-field earthquakes to approximately 
14% for far-field excitations. Similar observation for the 9b model shows the capability of near-filed 
earthquakes in imposing heavy damages to the structures in comparison to the ordinary far-field ones.  
Considerable difference between the average and average plus one standard deviation results of near-field 
cases obtained from the analysis of a certain structural model subjected to different scaled ground motions 
shows that the spectral acceleration cannot be an effective intensity measure for near-fault ground 
motions. 
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